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Emerging roles for Rho GTPases operating at the Golgi complex

Margaritha M. Mysior @ and Jeremy C. Simpson

Cell Screening Laboratory, School of Biology & Environmental Science, University College Dublin (UCD), Dublin Ireland

ABSTRACT

Rho GTPases are known to play an essential role in fundamental processes such as defining cell
shape, polarity and migration. As such, the majority of Rho GTPases localize and function at, or
close to, the plasma membrane. However, it is becoming increasingly clear that a number of Rho
family proteins are also associated with the Golgi complex, where they not only regulate events at
this organelle but also more widely across the cell. Given the central location of this organelle, and
the numerous membrane trafficking pathways that connect it to both the endocytic and secretory
systems of cells, it is clear that the Golgi is fundamental for maintaining cellular homoeostasis. In
this review, we describe these GTPases in the context of how they regulate Golgi architecture,
membrane trafficking into and away from this organelle, and cell polarity and migration. We
summarize the key findings that show the growing importance of the pool of Rho GTPases
associated with Golgi function, namely Cdc42, RhoA, RhoD, RhoBTB1 and RhoBTB3, and we
discuss how they act in concert with other key families of molecules associated with the Golgi,
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including Rab GTPases and matrix proteins.

Introduction

Cells rely on a wide variety of mechanisms to achieve
homoeostasis. This is particularly pertinent with respect
to the endomembrane system, which needs to ensure
a specific distribution of proteins, lipids, carbohydrates
and signalling molecules across all its constituent com-
partments such that the functionality of each is main-
tained. The organelles of the endomembrane system are
linked through trafficking pathways, which together
ensure that critical processes such as endocytosis and
secretion are tightly regulated. If this balance is lost, it
can lead to disease states such as metabolic defects [1],
skeletal disorders [2,3] and cancer [2,4-6]. Considering
all the organelles within the cell, the Golgi apparatus,
from both a physical and functional perspective, is
central. The Golgi is well known for its roles in the
modification, sorting and delivery of proteins to down-
stream organelles in the secretory pathway, but as dis-
cussed below, it is also linked to other critical cellular
processes such as signalling, cell polarity and migration.
One unique feature of the Golgi is its physical structure.
It consists of a number of flattened and interconnected
membrane discs, called cisternae, and in many mam-
malian cells, these cisternae form a higher order struc-
ture termed the Golgi ribbon. The cisternae assemble
into stacks, which can be subdivided into the cis, medial

and trans cisternae. The cis side receives material from
the endoplasmic reticulum (ER), whereas the trans side
coordinates cargo flow towards the endosomal system,
as well as the plasma membrane. The trans-most cis-
terna is a highly convoluted membrane with its own
distinct functionality, and is termed the trans-Golgi
network (TGN). In order to fulfil their specialized
tasks, each cisterna has its own set of resident enzymes
involved in specific modifications (e.g. glycosylation,
phosphorylation, sulphation), and as such, disruption
to the function or morphology of the Golgi can lead to
disease [7-9].

The Golgi, like the entire endomembrane system, is
regulated by a wide variety of protein families, with the
master regulators widely accepted to be the Rab family
of small GTPases [10]. In human cells, the Rab family
consists of over 60 members, with one distinctive fea-
ture being that they each localize to specific organelles.
Rab proteins cycle between an active (GTP-bound) and
inactive (GDP-bound) state. Once they are active and
bound to their preferred membrane compartment, they
can interact with different effectors, which in turn can
positively or negatively influence the membrane traffic
event. The activity of the Rab proteins themselves is
also strictly regulated. Rabs are typically held in an
inactive state, bound to Rab guanine dissociation inhi-
bitor (GDI) proteins, but can be activated by guanine
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nucleotide exchange factors (GEFs), which exchange
GDP for GTP. Having then recruited their relevant
effectors, they are inactivated through hydrolysis of
the GTP to GDP, stimulated by the presence of
GTPase activating proteins (GAPs). While Rab proteins
are essential controllers of all membrane trafficking
events in the cell, the high complexity of the Golgi
inevitably means that a large number of Rabs localize
to this compartment, with studies suggesting that as
many as one third of all Rab proteins play a role either
physically at the Golgi, or on pathways directly linking
to the Golgi [11,12].

However, Rab GTPases are not the only Ras family
members involved in regulation of the Golgi. In recent
years, Rho GTPases have also emerged as playing
a critical role. This is arguably not surprising given
the diversity within their family and their links to the
cytoskeleton, which itself is fundamental to the organi-
zation of the Golgi. The Rho family of small GTPases
has 21 members and can be broadly categorized into
two groups, namely typical and atypical Rho proteins
[13]. The typical Rho GTPases act as molecular
switches, and in a similar manner to that described
for the Rabs, they are controlled through interactions
with specific GEFs, GAPs and GDIs. Many of the
atypical Rho GTPases are unable to hydrolyse GTP, or
they show unusual GDP-GTP exchange characteristics,
such that their regulation occurs through mechanisms
different from conventional nucleotide exchange. Rho
family members play numerous roles in the cell, includ-
ing in cell polarity and migration, organization of the
cytoskeleton, regulation of the cell cycle, as well as
membrane trafficking [13]. Although many are loca-
lized at the plasma membrane, several family members
have been shown to localize to the Golgi. Since our
previous review of this subject [5], a number of new
studies have provided additional insight into how these
Rho proteins influence a variety of functional and mor-
phological effects at the Golgi, and it is this pool of Rho
GTPases that is the focus of this review.

Rho family proteins and Golgi architecture

The importance of the microtubule cytoskeleton in
maintenance of Golgi morphology is widely recognized.
Due to the unique positioning of the Golgi at the
centrosome, it is inevitable that many proteins asso-
ciated with the microtubule cytoskeleton also concen-
trate at this organelle. The microtubules originating
from the centrosome are polarized (contain fast and
slow growing ends) and this polarization, in concert
with molecular motors, allows the transport of mem-
brane carriers towards and away from the organelle in

a directional way. In addition to this, the microtubule
network is also responsible for the maintenance of
Golgi morphology and position during cell polarization
through creation of mechanical tension and force.
However, it is much less clear as to how this organelle
links to the actin cytoskeleton, and what function Rho
GTPases may play in this regard. Nevertheless, many
proteins associated with the actin network localize to
the Golgi, with evidence emerging that the actin net-
work is also important for Golgi polarization, traffick-
ing to and from the Golgi and maintenance of its
morphology [14]. One such example is the protein
Coronin7, which has recently been shown to interact
with Cdc42 and regulate Golgi morphology via the
actin nucleator WASp [15].

Indeed, Cdc42 was the first Rho protein to be loca-
lized to the Golgi [16]. Subsequently, other Rho family
proteins including RhoA [17], RhoD [18] and
RhoBTB3 [19] have all been localized to this compart-
ment. In turn, several actin regulatory proteins such as
Arp2/3, mDial, WASp, WAVE, WHAMM, and many
others associated with actin nucleation, have been
found at the Golgi [20,21]. Therefore, it is not surpris-
ing that the actin network, and its associated regulatory
machinery, is increasingly being found to play roles in
the fundamental organization of the Golgi, at both
structural and functional levels. Cdc42 itself is a prime
example in this respect, as it has been found to interact
with the y-COP subunit of the coat protein complex
I (COPI), a proteinaceous assembly that not only is
involved in membrane traffic events into and out of
the Golgi, but that plays a vital role in the physical
stability of the organelle [22-25]. Golgi architecture is
also maintained by the activity of matrix proteins,
which are typically long coiled-coil peripheral proteins
that serve a key function in linking the cisternal ele-
ments and in assisting transport vesicle tethering events
at the Golgi. Of these, one of the best characterized
molecules is GM130, which has been shown to exist in
a complex with Cdc42 and one of its GEFs, Tuba,
together playing a key role in organization of the cen-
trosome [26].

Given the observed localization of several Rho
GTPases to the Golgi, it is logical to assume that
many of their associated GEFs will also be found
there, and so much recent work has been focussed on
this aspect. Rho GEFs are thought to number more
than 80 in total in mammalian cells [27]; however, the
picture is still far from clear in terms of which GEFs
activate which Rho proteins. In the case of Cdc42,
several GEFs have been identified, including FGD1,
Dbs, and Tuba [26,28,29], and so understanding these
relationships is essential to fully decipher Cdc42



function at the Golgi [30]. In this regard, a recent study
has reported a new interaction between a Cdc42 GEF
and the TGN-localized golgin GCC88, providing
further evidence that actin assembly plays a role in
Golgi morphology [31]. Previously, it was shown that
GCC88 function is linked to maintenance of the Golgi
ribbon, as overexpression caused fragmentation of the
Golgi [32]. However, the question remained open as to
the mechanism by which overexpression altered Golgi
morphology. Possible resolution to this was recently
provided by 31, who identified intersectin-1 (ITSN-1)
as an interactor of GCC88. ITSN-1 is a Cdc42 GEF (the
long isoform contains a C-terminal GEF domain) play-
ing a role in endocytosis, regulation of the actin cytos-
keleton and signalling in physiological and disease
states [33-35], although ITSN-1 itself was not localized
to the Golgi in these previous studies. However,
Makhoul and colleagues used a proximity-dependent
labelling approach to demonstrate that GCC88 can
guide ITSN-1 to the TGN, thus leading to activation
of Cdc42 (Figure 1(a)). Co-immunoprecipitation
experiments showed that GCC88 is an interacting part-
ner of both isoforms of ITSN-1 at the TGN, with
depletion of GCC88 leading to a drastic decrease of
ITSN-1 levels at these membranes. Further evidence
of GCC88 and ITSN-1-mediated changes to the Golgi
ribbon was shown by the Golgi phenotypes being rever-
sible in GCC88-overexpressing cells following RNAI-
mediated depletion of ITSN-1. Importantly, it was
shown that changes to the Golgi ribbon are induced
by actin, involving the motor myosin IIA, rather than
microtubule assembly [31]. Taken together, this study
provides further context to the picture that golgins are
important interactors with actin cytoskeleton compo-
nents [14], and that Cdc42 GEFs, such as ITSN-1, are
critical for maintenance of Golgi architecture.

A number of other Cdc42 interactors have also been
shown to influence the state of the Golgi. MEC-17 is
a recently identified a-tubulin acetyltransferase, and
a recent study in A549 cells has shown that an increase
in MEC-17 levels results in Golgi dispersion and ele-
vated levels of GM130 protein, likely through upregu-
lation of GM130 gene expression [36] (Figure 1(b)).
MEC-17 controls Cdc42 activity through inhibiting
the Golgi-localized GAP, ARHGAP10 (also known as
ARHGAP21). This Rho GAP has previously been
described as a key regulator of Cdc42, being recruited
to the Golgi in an ADP ribosylation factor-1 (ARF1)-
dependent manner, and playing a role in Golgi organi-
zation [37]. In this new study, the overexpression of
MEC-17 was found to result in the level of active GTP-
bound Cdc42 increasing, which in turn led to the
phenotypes seen on GM130 at the Golgi. Ultimately,
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Figure 1. Rho family proteins and Golgi architecture. (a)
Overexpression of the matrix protein GCC88 results in increased
recruitment of the GEF intersectin-1 (ITSN-1) to the TGN, and in
turn increased activation of Cdc42. This leads to Golgi fragmen-
tation. (b) Overexpression of MEC-17 results in increased bind-
ing to ARHGAP21, inhibiting its GAP activity on Cdc42, resulting
in higher levels of activated Cdc42 and elevated levels of the
matrix protein GM130 at the Golgi. This leads to Golgi frag-
mentation. (c) Depletion of RhoBTB1 results in a reduction in
expression of the METTL7B gene, which in turn leads to Golgi
fragmentation. Whether this occurs via an intermediary factor is
not clear.

Golgi orientation is lost, with consequences on polarity
and migration (discussed below), including epithelial-
mesenchymal transition (EMT) [36]. This link between
GM130 and Cdc42 at the Golgi is clearly crucial, with
other work showing that in fact GM130 regulates
Cdc42 activity by binding RasGRF2 [38], a Ras GEF,
which was previously shown to inhibit Cdc42 activity
by competing against Cdc42 GEFs for the binding of
inactive Cdc42 [39]. Depletion of GM130 reduces the
level of active Cdc42 at the leading edge of HeLa cells
thus destroying the asymmetric distribution of Cdc42
in migrating cells. The reduction of active Cdc42 at the
leading edge resulted from blocked trafficking from the
Golgi to the plasma membrane [38]. However, the
work of Lee and colleagues leaves open the question
of whether MEC-17 controls Cdc42 activity solely
through inhibition of ARHGAP21, or whether by also
increasing the levels of GM130, there is increased bind-
ing to RasGRF2 (thus reducing its inhibitory ability)
and thereby resulting in an increase in availability of



4 M. M. MYSIOR AND J. C. SIMPSON

Cdc42 for activation. Together, these findings not only
illustrate the role of Cdc42 in the fundamental organi-
zation of the Golgi, but critically how Cdc42 and its
interactors regulate the position of the Golgi and the
consequences of this with respect to cell polarity and
migration (discussed further later).

In addition to the typical Rho GTPases, atypical Rho
GTPases are also implicated in structural aspects of the
Golgi. One such example is the RhoBTB family, con-
sisting of three members (RhoBTB1-3). Their structure
is unique in the wider family of Rho GTPases, as
following their GTPase domains these proteins contain
a proline-rich region and two BTB domains, involved
in homo- and hetero-dimerization, as well as binding to
other factors [40,41]. The first RhoBTB protein to be
associated with the Golgi was RhoBTB3 [19,42],
although most studies suggest that its role relates
more with trafficking pathways into the Golgi (dis-
cussed below), rather than with Golgi architecture
itself. Another family member, RhoBTB1, has primarily
been studied in the context of tumourigenesis, with its
localization suggested to be at membrane ruffles and
peripheral punctate structures [43]. Although RhoBTB1
does not seem to be itself localized to the Golgi,
a recent study by [44], showed that RhoBTB1 has an
indirect effect on Golgi morphology by regulating
expression of METTL7B, the gene encoding a Golgi-
associated methyltransferase identified several years ago
by subcellular proteomics [45]. RNAi-mediated deple-
tion of RhoBTB1 in HeLa cells decreased the expression
levels of METTL7B, which led to fragmentation of the
Golgi (Figure 1(c)); a phenotype that could be reversed
by ectopic expression of METTL7B [44]. Experiments
using a GFP-tagged version of METTL7B indicated that
this protein localizes to the Golgi [45]; however, this
more recent study reported a localization of METTL7B
to the ER. This discrepancy may be due to the use of
different cell types in the two studies. Interestingly, the
endogenous expression levels of RhoBTB1 were found
to be comparatively lower in several cancer cell lines,
with T47D cells displaying a fragmented Golgi pheno-
type, highly similar to that seen in the HeLa cells
depleted for RhoBTB1 wusing RNAi. Strikingly,
a conventional juxtanuclear Golgi pattern could be
generated in the T47D cells by overexpression of
RhoBTBI1. The authors also carried out cell migration
studies, revealing in these cells that reduction of
RhoBTBI1 leads to an invasive phenotype, thereby
demonstrating an intriguing link between RhoBTBI
function as a tumour suppressor and a role in Golgi
morphology [44].

The common theme in all the above findings is that
modulation of levels of a number of Rho proteins and

their effectors can influence Golgi architecture.
However, such phenotypes do not necessarily implicate
the respective protein with a direct function in control
of Golgi morphology. For example, modulation of
membrane trafficking pathways into and out of this
organelle can also result in a change in Golgi shape
and composition (discussed further below). Indeed, an
RNAI screen systematically targeting all Rho GTPases
in HeLa cells was recently reported, in which the pri-
mary read-out was Golgi fragmentation [46].
Consistent with the existing literature, many of the
strongest fragmentation phenotypes were seen in cells
depleted of Cdc42 and RhoA. Interestingly, depletion of
both RhoBTB1 and RhoBTB3 also induced strong
Golgi fragmentation, but in both of these cases, the
fragmentation phenotype was attributed to alterations
in membrane trafficking events into the Golgi.

Regulation of Golgi-associated membrane
trafficking events by Rho proteins

The Golgi is a central organelle in the cell, and its
homoeostasis is dependent on balanced transport of
proteins, carbohydrates, lipids both into and out of
the organelle. Cargo molecules can be either synthe-
sized in the ER and transported through the Golgi to
their destination within or outside the cell via the
anterograde pathway, or can be endocytosed from the
plasma membrane. In the latter case, internalized cargo
is predominantly transported to endocytic compart-
ments, however transport pathways from these to the
TGN and Golgi, are critical to balance overall mem-
brane flux in the cell. Similarly, the retrograde pathway
provides a route from the Golgi back to the ER. Once
again, of all of the Rho family members, it is Cdc42 that
has been among the first to be shown to play a role in
trafficking events at the Golgi, specifically through
interactions with the y-COP subunit of the COPI coat
[22-25]. Cdc42 was initially thought to only play a role
in the retrograde trafficking pathway, with experiments
showing that Cdc42 is localized to Golgi-associated
coated and uncoated vesicles, and influencing retro-
grade transport of the Shiga toxin from the plasma
membrane to the ER, as well as the transport of the
KDEL receptor from the Golgi to the ER [23,47].
Moreover, 22, demonstrated that Cdc42 impedes the
binding of the dynein motor to COPI vesicles allowing
time for cargo packaging and coatomer assembly. More
recently however, Cdc42 has also been shown to play
a role in anterograde transport through the Golgi. The
mechanism involves diminishing Golgi membrane cur-
vature, in turn stimulating COPI formation to sort
anterograde cargo into tubules. At the same time, it



controls bidirectional Golgi transport by affecting
COPI function in cargo sorting and carrier formation
[24]. Cdc42 function in membrane trafficking at the
Golgi is also regulated through its GEFs. For example,
inhibition of the GEF Dbs leads to reduced activity of
Cdc42, and as a result, transport from the Golgi to the
plasma membrane of the model secretory cargo pro-
tein, the vesicular stomatitis virus glycoprotein (VSV-
G), is impaired [48].

As discussed above, Cdc42 is widely considered to be
the most prevalent Rho at the Golgi, where it has the
ability to interact with a wide variety of actin-associated
molecules. One such family of proteins utilized in the
assembly of actin filaments is the formins, containing
15 members in mammals [49]. Earlier studies have
shown that three members of the formin family,
namely mDial, INF2 and FMNLLI isoform y were loca-
lized to the Golgi complex [50-52]. In 2017, Kage and
colleagues reported two further members of the formin
family, FMNL2 and FMNL3, to localize to medial and
trans elements of the Golgi [53]. This localization was
enhanced in the presence of activated Cdc42 leading to
a denser actin network around the Golgi. In contrast to
the mechanism by which FMNL2 and FMNL3 localize
to lamellipodia, the mechanism of localization to the
Golgi was shown to be through their myristoylated
N-terminus as well as through recruitment by Cdc42.
RNAi and knock-out cell line models were then used to
assess the functional importance of these formins at the
Golgi, with both approaches consistently showing
a fragmented Golgi phenotype. However, in the knock-
out cells, these formins were not seen to play any role
in Golgi assembly, but instead to function in antero-
grade trafficking from the Golgi, demonstrated by
a reduction in delivery of transport carriers containing
the cargo molecule VSV-G arriving at the plasma mem-
brane [53] (Figure 2(a)). Although this work did not
provide a mechanistic explanation for the role of these
formins working in tandem with Cdc42 at the Golgi,
the findings are entirely consistent with the proposed
role for Cdc42 in regulating membrane curvature as
part of the process in transport vesicle generation at the
Golgi [24].

Given the importance of maintaining high levels of
Cdc42 at the Golgi, it seems pertinent to ask how this is
achieved in cells. The complex localization pattern of
Cdc42, and other Rho GTPases throughout the endo-
membrane system [54], inevitably means that the Rho
proteins must use specific binding partners at the var-
ious organelles. In the case of Cdc42, it is becoming
increasingly clear that the active pool of this protein at
the Golgi is controlled by many different regulators,
with GEFs being potential candidates. One example is
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Figure 2. Regulation of Golgi-associated membrane trafficking
events by Rho proteins. (a) The formin family members FMNL2
and FMNL3 are recruited to the Golgi in a Cdc42-dependent
mechanism. Depletion of FMNL2/3 results in reduced actin
assembly at the Golgi, a reduction in transport from the Golgi
to the plasma membrane, and Golgi fragmentation. (b)
Depletion of the GEF FGD1 results in reduced activation of
Cdc42, which working in concert with IQGAP and PAK1 leads
to shorter microtubules and reduced levels of Golgi to plasma
membrane trafficking. (c) Depletion of the GEF FGD1 results in
a decrease of active Cdc42 at the plasma membrane, but does
not affect levels of active Cdc42 at the Golgi. (d) The microRNA
miR-199a inhibits the activity of the Cdc42 GAP ARHGAP21,
resulting in increased activation of Cdc42 and a reduction in
transport of the HSV-1 virus through the Golgi. () RhoBTB1 is
observed on endocytic carriers. Its depletion results in reduced
delivery of cargo to the Golgi and fragmentation of the Golgi.
(f) RhoBTB3 is observed on membrane carriers at the ER-Golgi
interface. Depletion of RhoBTB3 results in a reduction in the
speed of movement of these carriers and Golgi fragmentation.

FGD1, a GEF of Cdc42 shown originally to be localized
to patches underlying the plasma membrane as well as
at the Golgi [28]. Mutations in the FGDI gene are
linked to the rare disease faciogenital dysplasia, and it
was this observation that first drew attention to its
possible role in the cell [55]. It was subsequently
shown that the FGD1 protein localizes to the TGN
and that its depletion results in reduced transport of
VSV-G cargo between the TGN and cell surface. In
addition, overexpression of an FGD1 mutant, which
was unable to activate Cdc42, also resulted in impaired
post-TGN transport of endogenous cargo in osteoblast
cells [56].

Additional downstream effectors of Cdc42 involved
in the trafficking of these post-Golgi carriers have also
been identified [57]. Based on knowledge of several
known Cdc42 interactors, an RNAi approach on these
candidates was applied, comparing the post-Golgi traf-
ficking phenotypes observed in these cells with those in
FGD1-depleted cells. This allowed identification of
IQGAP1, a Ras GTPase-activating-like protein, and
the kinase PAKI1, as being involved in FGDI1-
dependent trafficking from the TGN. Nevertheless,
their overexpression could not completely recover the
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deficiency in post-Golgi trafficking in FGD1-depleted
cells, suggesting that other FGD1/Cdc42 effectors were
also abrogated as a result of the FGD1 depletion.
However, perhaps the most interesting finding in this
work was that depletion of either FGD1, IQGAPI1 or
PAK1 all resulted in suppression of microtubule growth
from the TGN, thereby providing an explanation for
why post-Golgi carrier formation was inhibited (Figure
2(b)). The authors speculate that the FGD1/Cdc42
downstream signalling cascade may extend to micro-
tubule-associated proteins such as the CLASPs [57].
While evidence for the involvement of FGD1/Cdc42
in post-Golgi transport seems strong, these studies
described above do not specifically address whether
FGDI1 is itself responsible for activation of Cdc42 at
the Golgi. This important point has been studied using
a biosensor approach, which allowed the distinct popu-
lations of active Cdc42 at the Golgi and plasma mem-
brane to be assessed [58]. Not only did this work reveal
that active Cdc42 could be detected equally across all
Golgi cisternae, and not just at the TGN, but surpris-
ingly that RNAi-induced depletion of FGD1 decreased
the level of Cdc42 at the plasma membrane while hav-
ing no effect on the pool localized at the Golgi, thereby
suggesting that FGDI1 is not the primary GEF for
Cdc42 activation at the Golgi (Figure 2(c)).
Furthermore, they went on to show that in fact either
downregulation of the Cdc42 GEF, Tuba [26,59], or
overexpression of the Cdc42-associated GAP,
ARHGAPI10 (ARHGAP21) [37] could reduce the activ-
ity of Cdc42 at the Golgi. While this work provides new
insight into one mechanism for Cdc42 control at the
Golgi, it still leaves open the question of how (and why)
FGD1 controls the pool of Cdc42 at the plasma mem-
brane and not at the Golgi, despite its localization there.
What are the other implications for Cdc42-regulated
control of membrane traffic at the Golgi? Given that
the Golgi plays such a central role in secretion, it is
inevitable that changes in Cdc42 activity at this orga-
nelle may have impacts on a wide variety of molecules
requiring passage through it. One example is virus
assembly. The herpes simplex virus 1 (HSV-1) uses
membranes from the trans-Golgi as part of its matura-
tion, allowing it to gain a secondary envelope. As such
any changes in flux through the Golgi are likely to have
an effect on this process. Indeed, a recent study
observed that the synthesis of the secondary envelope
of HSV-1 is inhibited at the TGN [60]. On further
examination of this phenotype, it was shown that this
effect was caused by activation of Cdc42, which in turn
was driven by decreased levels of its GAP, ARHGAP21.
Downregulation of this GAP was caused by activity of
a specific microRNA, miR-199a, the target of which

was determined to be ARHGAP21 [60]. A similar phe-
notype could be generated by expression of
a constitutively active mutant of Cdc42, which resulted
in the number of secondary envelope particles being
decreased. HSV-1-infected cells either treated with
miR-199a or short hairpin RNAs (shRNA) targeting
ARHGAP21 resulted in reduced co-localization of the
viral envelope glycoprotein gD with the trans-Golgi
marker p230, and an increased co-localization with
the cis-/medial-Golgi marker giantin (Figure 2(d)).
These observations are fully consistent with the notion
that the synthesis of the secondary envelope is blocked
in the presence of active Cdc42 at the medial Golgi
cisternae, before it reaches the trans-Golgi and TGN
[60]. However, the specific question of how activated
Cdc42 blocks secondary envelope transport within the
Golgi stack remains open. Taking into account the
more recently reported findings that the GEF ITSN-1
can activate Cdc42 via GCC88 at the TGN [31], it
would now be interesting to assess whether this
Cdc42 GEF also plays a direct role in HSV-1
maturation.

As discussed in the section above, members of the
RhoBTB family are also implicated at the Golgi, likely
not only associated with morphology of the organelle
but also in regulating membrane trafficking events. In
the case of RhoBTBI, two independent studies have
shown that reduced levels of RhoBTBI result in Golgi
fragmentation; however, this phenotype seems to have
little impact on the transport of either VSV-G secretory
cargo as it passes through the Golgi, or the p24 cargo
receptors that shuttle between the ER and Golgi com-
plex [44,46]. However, in the latter of these two studies,
RNAi-mediated downregulation of RhoBTB1 was
shown to result in a reduction of delivery of the exo-
genous cargo Shiga-like toxin B-chain (SLTxB) from
the plasma membrane to the Golgi complex. This
cargo molecule is often used as a tracer, allowing the
entire retrograde pathway from cell surface to ER, via
the Golgi complex, to be interrogated. In RhoBTBI-
depleted cells, SLTxB accumulated in punctate struc-
tures in the cell periphery and only at extended time
points after internalization did it arrive in the Golgi
(Figure 2(e)). Interestingly, RhoBTB1 was partially
localized to early endosomes, marked with EEA1 and
Rab5, and both knockdown and overexpression
impaired endosomal and lysosomal architecture [46].
However, despite the strong effects on the Golgi com-
plex, no evidence for RhoBTB1 localizing to this orga-
nelle was seen, suggesting that the strong Golgi
fragmentation phenotype was a consequence of
impaired traffic into the organelle from the endosomal
system. Further research is needed to understand the



role of RhoBTB1 in endocytic trafficking and the rela-
tionship to Golgi morphology.

Similar to RhoBTB1, RhoBTB3 has also previously
been shown to be associated with trafficking events into
the Golgi complex, although in this case, RhoBTB3
seems to be directly localized to the Golgi. RhoBTB3
binds to Rab9, a Rab GTPase that controls late endo-
some-to-Golgi trafficking of critical cargo molecules
such as the mannose-6-phosphate receptor. Its pro-
posed role is to assist in the docking of these carriers
on the Golgi membrane [19]. Subsequent work also
revealed an additional role for RhoBTB3 in cell cycle
regulation, via a RhoBTB3-Cullin3-dependent Ring-E3
ubiquitin ligase complex at the Golgi, although it
remains unclear as to whether this function is linked
to its role in membrane traffic [42]. Most recently, our
own RNAI screening work has implicated RhoBTB3 in
transport events at the ER-Golgi interface. We observed
a small pool of RhoBTB3 on transport carriers contain-
ing the cargo receptor p24, and the depletion of
RhoBTB3 reduced the speed of these carriers as well
as inducing Golgi fragmentation [46] (Figure 2(f)).
Whether RhoBTB3 also functions in docking events at
the cis face of the Golgi remains to be established.

As mentioned above, the formin family member
mDial is localized to the Golgi. mbDial is
a downstream target of RhoA and plays a role in the
formation of Rab6-positive transport carriers emanat-
ing from the Golgi. Previous work has shown that
overexpression of a constitutively active mutant of
RhoA increases the formation of Rab6-positive carriers,
whereas depletion of mDial suppresses their formation
[52]. RhoA activation in the juxtanuclear area, encom-
passing both Golgi elements and the endosomal recy-
cling compartment (ERC), has also been seen following
RNAi-mediated depletion of the RhoA GAP, DLC3
(deleted in liver cancer 3). In these cells, Golgi frag-
mentation occurred, as well as vesiculation of ERC
membranes coated with the small GTPase Rab8, likely
due to an imbalance in trafficking [61]. These aspects of
RhoA function at the Golgi have previously been
reviewed extensively [5], and since that time little new
information about its function has emerged, although
the RhoA GEF, ARHGEF10, and Rab8 have both been
implicated [62].

The final Rho worth consideration with respect to
membrane trafficking events at the Golgi is RhoD. This
family member was one of the first Rho proteins to be
linked with membrane trafficking, specifically being
associated with endosomal pathways [63,64]. RhoD
has been reported to also exist in a Golgi-localized
pool, predominantly co-localizing with the trans-Golgi
marker GalT [18]. Overexpression of either dominant
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negative or constitutively active RhoD point mutants
resulted in defects in VSV-G transport, with this secre-
tory cargo seemingly blocked in an early Golgi com-
partment. This study went on to show that this
transport defect, along with observed reorganization
of Golgi membranes, was likely through links to its
binding partner, the actin nucleator WHAMM [65].
More recently however, the same authors have pub-
lished another study of RhoD, in which they focus on
the pool of RhoD localizing to early endosomes and
motile vesicles [66]. In this latter study they propose
a role for RhoD in vesicle fusion, with no mention, or
indeed little evidence for RhoD at the Golgi, suggesting
that there remains much to be discovered about this
Rho family member.

Roles in cell polarity and migration

Perhaps the most intriguing aspect of the function of
Rho proteins at the Golgi relates to their emerging roles
in defining cell polarity and direction of migration. Cell
motility is not only an important process during
embryogenesis but also for general maintenance of
tissues and organs. While it is clear that the majority
of Rho proteins that drive these processes do this from
a localization at or close to the plasma membrane
[67,68], an ever increasing body of evidence implicates
the Golgi pool of several Rho GTPases in the regulation
of cell polarity and migration. Very early work, utilizing
wound healing assays, showed that orientation of the
Golgi is important for the determination of the leading
edge in migrating cells [69]. Similarly, wound healing
assays have also been used to show that the position of
the Golgi is critical in defining polarity [70], with
Cdc42 activity being fundamental to microtubule-
dependent Golgi positioning [71]. Further molecular
understanding of how activity at the Golgi can regulate
events at the plasma membrane continue to emerge.
For example, Preisinger and colleagues showed that one
regulatory mechanism of cell migration was via inter-
action of the Golgi matrix protein GM130 with two
members of the MST family of Ste20 kinases, namely
YSK1 and MST4. Through the binding to GM130, both
proteins were able to associate with the Golgi and
become autophosphorylated, leading to their activation.
Curiously however, YSK1 and MST4 have opposite
effects on cell migration. YSK1 phosphorylates the 14-
3-3( protein and thus activates further downstream
targets to activate cell migration, whereas, MST4 inhi-
bits cell migration, suggesting that YSK1 and MST4
compete against each other for the binding to GM130
[72]. Interestingly, depletion of the matrix protein
GRASP65, a binding partner of GM130, along with



8 M. M. MYSIOR AND J. C. SIMPSON

causing a Golgi organization defect also results in
impaired migratory capacity of cells, emphasizing the
critical relationship between Golgi organization and
events at the cell periphery [73]. The molecular link
with respect to all of the above is of course Cdc42 and
its network of interactors. As such, it is now widely
accepted that the Golgi-localized pool of Cdc42 plays
roles far beyond this organelle [74]. Given the impor-
tant role for Golgi matrix proteins in organizing the
shape and structure of this organelle, it is perhaps
unsurprising that it is these proteins, particularly
GM130, that also regulate Cdc42 function. Elegant
work from the Farhan laboratory strongly supports
the idea that GM130 controls the activity of Cdc42,
via binding and release of the Ras GEF RasGRF2 [38].
The proposed mechanism involves RasGRF2 compet-
ing with Cdc42 GEFs for binding to inactive Cdc42
[39]. While RasGRF2 is bound to GM130, Cdc42 is
available for activation by its GEFs, which in turn
results in changes to Golgi polarity and ultimately
activity of Cdc42 at the leading edge of cells [38]. By
contrast, when RasGRF2 is released, it binds Cdc42
preventing its activation and subsequent downstream
effects. This mechanism fully aligns with the concept of
the Golgi acting as a reservoir for Cdc42, such that
Cdc42 can be rapidly transported to the leading edge
plasma membrane when needed at that location.
Given the importance of the cell being able to utilize
a Golgi-localized pool of Cdc42 for control of events at
the plasma membrane during migration, it is inevitable
that Cdc42 will come into contact with a variety of
membrane trafficking machinery molecules as part of
this. In this regard, the small GTPase Rab6 has recently
emerged as another potential Cdc42 interactor. Rabé6 is
a critical regulator of transport pathways both into and
away from the Golgi, using mechanisms that are inde-
pendent of the COPI coat. Recently, it has been shown
that depletion of Rab6 causes an increase in cell migra-
tion speed and reorganization of the actin network,
likely through activation of Cdc42. Further investiga-
tion revealed that in fact Rab6 can bind Cdc42, and that
the two GTPases can be visualized on transport carriers
moving from the Golgi area of cells towards the cell
periphery, as well as at filopodia [75]. The mechanism
of Cdc42 activation in this case seems to be via the
protein Trio, a member of the Dbl family of GEFs
[76,77]. Interestingly, Trio contains a putative Rab6
binding site, allowing speculation that Cdc42 activity
can be regulated through a complex of Rab6, Trio, and
the motor myosin II, the latter of which is controlled
via its phosphorylation state. When Rab6 is silenced,
myosin II phosphorylation decreases, leading to the
abolishment of Trio inhibition and therefore activation

of Cdc42 [75] (Figure 3(a)). These findings further
strengthen the importance of cross-talk between Rho
and Rab activities [78-80].

In addition to the contribution of Cdc42 to Golgi re-
orientation, new evidence for involvement of other Rho
proteins, specifically the RhoA sub-family, has
emerged. Using a biochemical pulldown approach,
a number of new interactors of RhoA were identified,
including the previously uncharacterized protein
FAMG65A [81]. Activated RhoA binds FAM65A, which
in turn leads to binding to CCM3 (cerebral cavernous
malformation-3 protein). CCM3 then builds a complex
with the kinase MST4, resulting in this complex relo-
cating from the Golgi to cytoplasmic vesicular struc-
tures. This relocation is essential for both membrane
trafficking from the Golgi, and its orientation towards
the leading edge of the cell (Figure 3(b)). Furthermore,
neither RhoA nor FAM65A affect the kinase activity of
MST4. A similar mechanism of relocation of MST4
from the Golgi to the plasma membrane, involving
the serine/threonine kinase LKB1 and the adaptor
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Figure 3. Roles in cell polarity and migration. (a) Cdc42 and
Rab6 can be found on carriers moving between the Golgi and
plasma membrane. Depletion of Rab6 reduces the inhibition of
Trio, allowing greater activation of Cdc42, which leads to
increased cell migration. (b) Activated RhoA binds FAM65A,
which in turn binds CCM3 and MST4. This complex relocates
to the plasma membrane with a resulting re-orientation of the
Golgi towards the leading edge of the cell. (c) The chemoat-
tractant Activin B activates the formin mDia1, via RhoA, as well
as acting on Cdc42. Together this results in Golgi re-orientation
and increased cell migration.



protein Mo25, has been shown previously in gut epithe-
lial cells [82], but it is unclear whether this relocation of
MST4 influences Golgi re-orientation.

Orientation of the Golgi is clearly important for the
cell to determine the direction of cell motility, and this
information is potentially useful in an applied context
of therapeutic design. One specific application of this
can be seen with Activin B, a chemoattractant with
potential as a therapy for skin wound repair [83].
Treatment of rat bone marrow-derived mesenchymal
stromal cells (BMSCs) with Activin B leads primarily to
activation of mDial, but also of Cdc42 [84]. In these
cells, there is an increase in the polarization of the
Golgi, leading to its re-orientation towards the leading
edge and thus increased cell migration. From
a molecular perspective, these observations are interest-
ing because Activin B appears to be able to both acti-
vate mDial, via RhoA, thereby influencing migration,
and at the same time act on Cdc42 to effect Golgi
positioning [84] (Figure 3(c)). Future studies will be
needed to establish the relative contributions of the
Golgi- versus the plasma membrane-localized pools of
Cdc42 to these effects.

Perspectives

In this review, we have attempted to reconcile a wide
variety of data relating to Rho family function at the
Golgi apparatus. The emerging picture is a complex
one, in which several Rho members, in association
with their GEFs and GAPs coordinate a number of
different activities at this central organelle. While we
have broadly classified these roles as relating to either
Golgi architecture, membrane trafficking, or deter-
mining polarity and migration, it is evident that in
fact each activity has dependency on the others, and
as such should not be studied in isolation [85]. What
is also becoming apparent is that the Rho GTPases
show cross-talk with Rab GTPases, many of which are
well-established regulators of Golgi function. This is
perhaps not surprising given that of the 60 or so Rabs
in human cells, approximately one third either loca-
lize to or control functions associated with the Golgi
[11]. Wider cross-talk with other GTPase families,
such as the ARFs, is also likely, and multi-domain
proteins such as ARAP1 have been shown to possess
both ARF GAP and Rho GAP activity, influencing
diverse functions such as maintenance of Golgi integ-
rity and cell spreading [86]. The variety of activities
that Rho proteins participate in the Golgi can also be
considered as a consequence of their own family
diversity. While the typical Rho family members are
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largely controlled via the classical GTPase cycle,
requiring interactions with GEFs and GAPs, the aty-
pical Rho GTPases potentially have access to a wider
repertoire of regulatory mechanisms. As such, it is to
be expected that more information on their interac-
tion networks at the Golgi is still to emerge. In this
context, the mechanisms by which Rho proteins are
delivered to specific membranes also remain to be
fully elucidated. While delivery of Rho proteins from
a soluble pool to a membrane-associated pool is
undoubtedly one mechanism of localization, it is
also possible that discrete transfer between mem-
branes might occur via ‘membrane contact sites’
[87]. Although this has not yet been shown for Rho
GTPases at the Golgi, this organelle exhibits a wide
range of close contacts with many other organelles,
including the ER and mitochondria.

One major challenge towards our greater apprecia-
tion of Rho function is deciphering the GTPase-GEF-
GAP interaction network, and this is not a trivial pro-
position given that in human cells the 21 Rho family
GTPases have the potential to interact with approxi-
mately 65 different GAPs and 80 GEFs [27]. One excit-
ing study, recently reported, paves the way for how this
challenge may be solved. A systematic analysis of all
known Rho GEFs and GAPs employed a combination
of subcellular localization, FRET-based activity assays
and bioinformatics tools to carefully map their interac-
tion networks. Specific focus in this work was given to
Racl, RhoA and Cdc42, revealing their breadth of
interactions, new aspects of signalling and importantly
the promiscuity of GAPs compared to GEFs [88].
Another curious feature of Rho function is that they
can act in distinct ways at different membranes.
Currently Cdc42 is the archetypal example of this,
with the striking finding that its pool at the Golgi can
impact events at the plasma membrane, as discussed
above. Delineating the status of Rho activity at distinct
membranes will therefore be key, and the use of FRET-
based biosensors is one exciting development that
should enable this [58]. The specific challenge of course
at the Golgi is one of the spatial resolution, with each
cisterna only being separated by tens of nanometres,
a number that is below the diffraction limit of light. In
addition, given the dynamic nature of GTPase interac-
tions with membranes, approaches that utilize live cells,
thereby providing temporal information, will also be
invaluable. Our picture of the role of Rho GTPases at
the Golgi complex remains incomplete, however their
importance is now established, and it seems likely that
in the next couple of years further clarity to their role at
this organelle will be achieved.
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